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es.2013.0Abstract This paper focuses on the effect of PbO and TiO2 on the magnetic properties and micro-
structural development of Fe2Ni0.64Zn0.36O4 soft ferrite. Ferrite was added to these oxides, ranging
from 0 to 3.2 wt% in steps of 0.4 wt%. The results showed that with increasing the amount of PbO
up to a certain percentage, relative density, grain size and magnetic permeability increase and then
decrease. This additive caused to increase DC-resistivity, power loss and decrease in magnetic per-
meability and saturation magnetization. TiO2 revealed no considerable effect on the grain growth
and densiﬁcation. In contrast this additive due to the doping of the high valent Ti4+ ions to the
lattice affects the magnetic and electrical properties noticeably. TiO2 improved the loss properties
(up to 1.2 wt%) and magnetic permeability (up to 2.0 wt%) but reduced the saturation magnetiza-
tion, and DC-resistivity of ferrite.
ª 2013 Production and hosting by Elsevier B.V. on behalf of King Saud University.1. Introduction
The most important characteristics of nickel–zinc (Ni–Zn)
ferrites are their large magnetic permeability, high dielectric
constant, low dielectric loss, high resistivity, high Curie temper-
ature, mechanical strength and chemical stability at relatively
low frequencies. These characteristics are strongly dependente: +98 9124809979; fax: +98
.ir
g Saud University.
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5.005on the microstructure (Mirzaee et al., 2008a,b; Rezlescu et al.,
2001, 2003;Ahmed et al., 2001). For example, high initial mag-
netic permeability can be achieved only in samples with large
grain size and with residual porosity located at grain bound-
aries. Previous works showed the grain size is one of the most
important parameters affecting the magnetic properties of fer-
rites. Grain growth kinetics; however, depends strongly on the
impurity content (Mirzaee et al., 2008a). It is well known that
the dominant microstructural parameters which are important
for achieving high permeability are a high sintered density
and an optimum average grain size (Mirzaee et al.,2008a; Rezle-
scua et al., 2003). Small amounts of additives can greatly affect
the properties of ferrites (Mirzaee et al., 2008b). A minor dop-
ant in a host material can drastically change the nature and
concentration of defects, which can inﬂuence the kinetics of
grain boundary motion, pore mobility and pore removaling Saud University.
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particles during sintering facilitates the rearrangement of parti-
cles and improves mass transport mechanisms due to the capil-
lary forces between particles. It can induce a transition from
normal to anomalous grain growth and change the composition
and vacancy concentration on the grain boundaries, which may
degrade the magnetic permeability. In order to apply the liquid
phase successfully during sintering of ferrites and optimize
microstructural evolution, the amount of the liquid phase in
the samples during sintering must be carefully controlled (Mir-
zaee et al., 2008a). Depending on the composition of the sinter-
ing additives, the liquid phase can form an amorphous or a
crystalline grain boundary phase during cooling (Mazen,
2000; Janghorban and Shokrollahi, 2007). It is interesting to ob-
serve that many grain growth promoting dopants either melt or
form a low melting eutectic with the host material at sintering
temperatures. For example, Sb2O3, V2O5, PbO and Cu2O melt
well below sintering temperatures and these molten oxides
probably wet the ferrite grain boundaries and promote grain
growth. In other cases like TiO2, SiO2 and ZrO2 the melting
points of the oxide dopants are above the sintering temperature.
A liquid ﬁlm between grains provides a relatively fast transport
medium for host ions, the longer diffusion distance and the so-
lid–liquid surface reaction kinetics ultimately restrain the grain
boundary mobility from its intrinsic value. If the liquid phase is
not properly discontinued, discontinuous grain growth is prob-
able. However, if the liquid phase is properly distributed, grain
growth impediments can still occur if the diffusion path between
grains has been increased sufﬁciently to offset the increased dif-
fusion rates caused by the reactive liquid (Mirzaee et al., 2008a;
Khan andMisra, 1985; Yan and Johnson, 1978). Therefore, the
ﬂux composition, melting temperature, reactions between the
ﬂux and ferrites, and microstructural evolution during the li-
quid-phase sintering are all very important parameters (Rezle-
scu et al., 2001). Some additives such as TiO2 due to their
high melting points cannot provide the liquid phase during sin-
tering. These kinds of additives can only affect the magnetic and
electrical properties of the ferrite (Mazen, 2000).The common
effects of additives are improvement of magnetic properties
(such as magnetic permeability, eddy current loss, hysteresis
loss) and/or electrical properties by different mechanisms.
These mechanisms are: (1) segregation to the grain boundaries
and affecting the grain boundary resistivity, (2) dissolution into
the grains and altering the magnetic properties and (3) affecting
the microstructure development for example by liquid phase
sintering (Mirzaee et al., 2008a,b; Ready, 1966).
The main criteria of the additive selection are the dopant
valence and the solubility with respect to the host materials.
Some scientists studied the effect of TiO2 on the magnetic
and electrical properties of spinel ferrites (Ahmed et al.,
2001; Mazen, 2000). The results showed that the introduction
of TiO2 can improve the high-frequency loss properties of fer-
rites, but such introduction will also have a negative effect on
the magnetic properties of the sintered samples. Ti4+ ions can
improve both the magnetic and electrical properties. The DC
electrical resistivity increases while the loss factor tand/li de-
creases. Structural and magnetic properties of high permeabil-
ity ferrite with titanium ions conﬁrm that Ti4+ ions make pairs
with Fe2+ ions and occupy the octahedral sites in the crystal-
line lattice (Mazen, 2000). To maintain charge neutrality, addi-
tion of Ti4+ will reduce Fe3+ cations, thus increasing the Fe2+content. The high valency of the titanium cation also acts as an
electrostatic trap by pinning the electrons at Fe2+ sites and
thus increasing the resistivity of the grain. TiO2 has a high
melting point of 1855 C and cannot provide the liquid phase
during sintering. However, this oxide can dope the high valent
Ti4+ ions to the lattice and affect the magnetic and electrical
properties. Some papers reported about the inﬂuence of PbO
on the properties of ferrites (Rezlescu et al., 2001, 2003). These
studies showed that PbO due to its low melting point of 888 C
can provide the liquid phase on the grain boundaries and pro-
mote sintering. Therefore, it was the aim of this work to study
and compare the inﬂuence of PbO and TiO2 as two different
kinds of additives on the grain growth and magnetic properties
of Ni–Zn ferrites.2. Experimental method
The raw materials were Fe2O3, ZnO, NiO, TiO2 and PbO pow-
ders supplied by Merck. Fe2O3, NiO and ZnO were mixed to
produce the ﬁnal composition of ferrite as Fe2Ni0.64Zn0.36O4.
The purity of ZnO, TiO2 and PbO were above 99.8%. The pur-
ity of Fe2O3 was above 99% containing 0.05% Ca, 0.03% Mg,
0.005% Zn and 0.005% Mn and the purity of NiO was above
99% containing 0.5% Fe, 0.1% Ca, 0.1% Ba, 0.1% SO4 and
some oxides. The powder particle sizes were all smaller than
5 lm. The powders were mixed in a dry ball mill for 4 h and
then presintered at 1100 C for 2 h in a resistance furnace
and air atmosphere. This condition was determined experi-
mentally to produce the highest permeability by forming a fer-
rite with spinel structure as determined by XRD, and lowest
shrinkage at the ﬁnal sintering temperature. The ferrite was
doped with 0, 0.4, 0.8, 1.2, 1.6, 2, 2.4, 2.8 and 3.2 wt% of
PbO and TiO2. Mixtures of presintered powders with additives
were milled in a ball mill for 16 h to a size of about 1 lm. The
dry powder was mixed with 5 wt% glycerin as lubricant to be
pressed with 3.5 ton/cm2 to form toroids (height 4 mm, inner
diameter 16 mm, outer diameter 22 mm) for magnetic mea-
surements. The lubricant was removed prior to sintering by
heating the samples at 350 C. These samples were then sin-
tered at 1300 C for 2 h. Densities of sintered samples were
measured by the Archimedes principle method (Mazen,
2000). The sintered samples were polished and etched in a mix-
ture of nitric acid, lactic acid and hydroﬂuoric acid (15 ml
HNO3, 15 ml lactic acid and 5 ml HF for 20 min at 70 C).
The grain microstructures were studied by SEM (Philips XL-
50). The magnetic properties of the toroids were measured
by an LCR meter (Fluke Pm6396). The frequency of the appa-
ratus was altered for maximum Q factor which shows maxi-
mum permeability. This frequency changed in the range of
40–70 kHz for different additive contents. This set up also
measures the resistivity, and Curie temperature of the ferrite.
The saturation magnetization of the samples in a variable mag-
netic ﬁeld was measured using a vibrating sample magnetom-
eter (VSM) with a sensitivity of 103 emu and magnetic ﬁeld
up to 20 kOe. Results are listed in Tables 1 and 2 as average
values obtained by three independent measurements. Tables
1 and 2 list the additive concentration, density (D), average
grain size (d), resistivity (q DC), saturation magnetization
(Ms) (H= 1194 A/m), Curie point (TC) and permeability
(f= 50 kHz) for samples.
Table 1 Average grain size (d), apparent density (Da), permeability (l) at f= 50 kHz, DC resistivity (q), Curie point (TC) and
saturation magnetization (Ms) (H= 1194 A/m) for PbO added samples.
Sample PbO (wt%) d (lm) Da (g/cm
3) l q (X cm) TC (C) Ms (emu/g)
P1 0.0 1.8 5.15 453 332 247 78.3
P2 0.4 2.5 5.20 475 368 248 78.1
P3 0.8 10.1 5.23 485 405 248 77.2
P4 1.2 12.5 5.29 515 412 250 77.3
P5 1.6 14.2 5.30 535 450 252 76.2
P6 2.0 16.3 5.17 575 500 248 74.3
P7 2.4 17.1 5.09 559 517 243 73.9
P8 2.8 12.3 5.01 532 519 240 72.1
P9 3.2 6.4 4.98 494 602 233 71.2
Table 2 Average grain size (d), apparent density (Da), permeability (l) at f= 50 kHz, DC resistivity (q), Curie point (TC) and
saturation magnetization (Ms) (H= 1194 A/m) for TiO2 added samples.
Sample TiO2 (wt%) d (lm) Da (g/cm
3) l q (X cm) TC (C) Ms (emu/g)
T1 0.0 1.8 5.15 453 332 247 78.3
T2 0.4 2.1 5.16 495 315 245 72.5
T3 0.8 2.1 5.19 530 307 241 70.4
T4 1.2 2.2 5.20 582 310 232 67.2
T5 1.6 2.3 5.17 655 317 230 63.1
T6 2.0 2.4 5.15 639 325 218 60.2
T7 2.4 2.1 5.13 628 329 215 58.9
T8 2.8 2.1 4.11 587 337 198 57.9
T9 3.2 1.9 4.13 542 341 187 55.2
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Figure 1 Average grain size of Ni–Zn ferrites sintered at 1300 C
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3.1. Grain growth
Variation of grain size with PbO and TiO2 concentration is
shown in Fig. 1 and the SEM micrographs are shown in Figs.
2 and 3. It can be seen that the amount of PbO strongly affects
the average grain size during sintering but TiO2 does not show
any considerable inﬂuence on the grain growth. Figs. 1 and 2
show that at the sintering temperature of 1300 C for 2 h, the
grain size of ferrite can increase to about 17 lm for the samples
doped with PbO. Addition of PbO up to 2.4 wt% to the compo-
sition of ferrite increases the average grain size and decreases it
at more concentrations. Microstructure studies showed that
oxide PbO (Tm = 888 C) forms a liquid phase and promotes
the ferrite grain growth. The microstructural development of
Ni–Zn ferrite modiﬁed with PbO can be discussed by applica-
tions of the usually accepted grain growth kinetics represented
by the relation Dn Dn0 ¼ K0t expðQ=KTÞ, where D is the
average grain size at time t, D0 is the initial grain size, n is the
kinetic grain growth exponent and Q is the apparent activation
energy (Brook, 1969; Jain et al., 1976). When time and temper-
ature are constant, the ﬁnal grain size is related to the activation
energyQ associated with the speciﬁc grain growth. An additive,
by either segregation to, precipitating on, or melting at grain
boundaries can affect the grain boundary energy and therefore
the driving force of grain growth (Jain et al., 1976).With consid-
eration to the above discussion, additives such as PbO can re-
duce the activation energy and increase the rate of grain
growth. Fig. 1 consists of three different regions for additions
of PbO. The interpretation for this behavior is as below:Region 1: (0–0.4 wt%) Diffusion of the constituent atoms in
the Ni–Zn ferrite lattice (bulk diffusion). This represents the
case of zero or an insufﬁcient amount of the liquid phase
present on the grain boundary (without sufﬁcient addi-
tives). This region is characterized by the smallest average
grain size.
Region 2: (0.4–2.4 wt%) Diffusion of atoms through the
PbO-rich liquid phase. This region is characterized by rapid
grain growth; a dramatic decrease of the activation energy
must govern the microstructural evolution.
Region 3: (more than 2.4 wt%) Diffusion across the liquid
layer. The large amount of PbO increases the diffusion layer
and the diffusion of atoms through the PbO-rich liquid phase.
In this region, the grain growth rate and/or the activationfor 2 h versus the amount of PbO and TiO2.
Figure 2 Photomicrographs of sintered samples (1300 C/2 h) for samples P1, P5, P7 and P9.
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average grain size gradually decreases with the amount of
added PbO which increases the thickness of the diffusion layer
(Mirzaee et al., 2008a; Rezlescu et al., 2001; Jain et al., 1976).
The sintering of ceramics is assisted by a liquid phase,
which draws the particles together (due to capillary force)
and enables more densiﬁcation and grain growth (Brook,
1969). It can be the dominant reason for grain growth promo-
tion in ferrites added with PbO. Figs. 1 and 3 show that the
amount of TiO2 dopant has not any considerable effect on
grain growth. This oxide material has a high melting point
(1855 C) and cannot form a liquid phase during sintering. A
possible mechanism for the little promotion of grain growth
in Ni–Zn ferrite by TiO2 is the reduction of the impurity and
pore drag on the grain boundary motion. Ti4+ ions segregate
to the grain boundary region and repel other segregants which
are more detrimental to the grain growth. Another possible
grain growth promotion mechanism is the increased pore
mobility due to the creation of excess cation vacancies by
TiO2 addition. This is to maintain charge and site balance.
TiO2 addition introduces Fe
2+ ions and/or cation vacancies.
For an addition of each Ti4+ ions, some of the Fe3+ ions
are reduced to Fe2+. Another alternative is to create cation
vacancies. Addition of each three Ti4+ ions for three Fe3+ is
accompanied by introduction of cation vacancies. The cation
vacancy ﬂux generated by Ti4+ addition increases the
pore mobility and thus the mobility of pore-loaded grainboundaries. For a grain boundary with attached pores, the
growth velocity increases with the pore mobility (Janghorban
and Shokrollahi, 2007). The dissolution of an oxide additive
with 2+ cation valence, e. g. PbO and CuO, in Ni–Zn ferrite
does not create excess cation vacancy.
3.2. Magnetic permeability
The magnetic permeability of polycrystalline ferrite strongly
depends on the grain size. When the grain size increases in
an otherwise unaltered ferrite, the permeability increases (Mir-
zaee et al., 2008a; Yan and Johnson, 1978). From Table 1, it is
clear that the highest room temperature permeability is shown
by samples P3 to P7 (0.8–2.4 wt% PbO). PbO oxide is added
because of its liquid phase forming properties and can increase
the permeability due to the grain growth promotion.
The data in Table 2 show that the permeability of samples
doped with TiO2 addition increases with increasing the doping
content to 1.6 wt% and then decreases. The basic mechanism
of the initial permeability variations for ferrites is due to the
reversible movements of magnetic domains and domain walls.
In high-permeability ferrites with larger grain radii, bigger den-
sity, fewer pores, and easier domain walls movement, the per-
meability of the materials is mainly due to the movement of
domain walls. Based on domain wall motion theory, the 180
wall permeability may be written as (Wohlfarth, 1980)
lW ¼ 1þ 3
4
pMs2D=cW ð1Þ
Figure 3 Photomicrographs of sintered samples (1300 C/2 h) for samples T5 and T9.
156 O. Mirzaeewhere Ms is the saturation magnetization, D the grain diame-
ter, and cw the wall energy. Since the wall energy cW ¼ Kdu,
where du is the wall thichness, l
W becomes
1þ ð3pM2SDÞ=4Kdu .
For discussion of Eq. (1), the variation of permeability with
grain size in PbO added samples is depicted in Fig. 4. The ﬁg-
ure shows that with increasing the average grain size, perme-
ability increases in an approximately linear relationship with
a regression coefﬁcient of about 0.89. To obtain high perme-
ability, we have to reduce the magnetocrystalline anisotropy
constant K1 and increase the saturation magnetization Ms. Be-
cause the magneto-crystalline anisotropy constant K1 of com-
mon spinel ferrites (except for Fe3O4 and CoFe2O4) has a
negative value, Fe2+ and Co2+ are generally doped in order
to compensate K1. According to ferrite physics (Zhigang
et al., 1981), Fe2+ ions and Ti4+ ions in spinel lattice tend
to occupy octahedral sites. Properties of the crystalline ﬁeld
in ferrite lattices vary due to the larger ionic radii of Fe2+
(7.4 nm) and Ti4+ (8.8 nm) than that of Fe3+ (6.7 nm), the
magnetocrystalline anisotropy constant K1 reveals positizable.
Moreover, nonzero orbital moment due to high-valency micro-
interference, can also tend to compensate K1. Therefore, a high
magnetic permeability can be obtained when doped with an
appropriate quantity of TiO2, whereas for Ti
4+ ions with no
magnetism, the saturation magnetization Ms will reduce with
TiO2 addition. In addition, the magnetic permeability will de-
crease if superﬂuous TiO2 is doped. Doping an appropriate
quantity of TiO2 can form stable Fe
2+–Ti4+ pairs, and pre-
vent Fe2+ to be oxidized into Fe3+. The magnetic permeability
of ferrites is improved because abnormal grain growth due toFigure 4 Variation of magnetic permeability with grain size for
PbO added ferrites.ion vacancy is controlled. Addition of Ti4+ ions, introduces
Fe2+ ions to satisfy the site and charge balance, which means
that [Fe2+]/[Fe3+] ratio increases.
3.3. Curie temperature
The Curie temperature (temperature above which magnetism
diminishes) separates the ordered and random ferromagnetic
phases. It depends on the numbers and types of paramagnetic
ions, which occupy magnetic sites. Table 1 shows that PbO
addition has no signiﬁcant effect on Curie temperature. The
data in table 2 show that increasing the amount of TiO2 de-
creases the Curie temperature. This effect is related to the
charge, ionic radius and distribution of non magnetic Ti4+ cat-
ions. Ti4+ due to a very similar ionic radius can substitute to
Fe3+ and weaken the AB exchange (Ready, 1966).
3.4. Saturation magnetization
The saturation magnetization of samples for different concen-
trations of PbO and TiO2 was measured at (H= 1194 A/m).
The data in Tables 1 and 2 show that Ms value decreases with
an increase in additive concentrations due to the non-magnetic
nature of the Ti and Pb ions. The samples doped with TiO2
showed more reduction in saturation magnetization than onesFigure 5 Densiﬁcation curve of Ni–Zn ferrites sintered at
1300 C/2 h versus the amount of PbO and TiO2.
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Figure 6 Variation of power loss (Pcv) with ﬂux density of the additive doped samples.
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and Zn2+ are distributed in B and A sites respectively. With
dilution, an equivalent amount of Fe3+ ions is replaced by
Ti4+ ions. Since Ti4+ ions have a higher preference for the
B sites, some divalent ions will be forced to the A sites leading
initially to the transfer of some Fe3+ ions from A to B site.
This will give rise to an increased B site magnetization. At high
dilution, the magnetic interaction and magnetization decrease
steadily due to the reduction in the Fe3+ ions.
3.5. DC resistivity
The composition dependence of the DC resistivity at room tem-
perature (303 K) for studied samples is represented in Tables 1
and 2. It is clear that addition of PbO increases the resistivity to
some extent (about 10% for 3.2%PbO). It can be due to the seg-
regation to the grain boundaries and increasing the grain
boundary resistivity (Mazen, 2000). The results show that there
is no clear tendency of resistivity upon the TiO2 content.
3.6. Densiﬁcation
Densities of sintered samples were measured by the Archime-
des principle method. Fig. 5 depicts the apparent density of
the samples as a function of the content of PbO and TiO2.100
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Figure 7 Variation of power loss (Pcv) with PbO and TiO2
concentration (at Bm = 20 mT).From this ﬁgure it is clear that with increasing the amount
of PbO up to 1.6 wt%, the density increases and then de-
creases. At the PbO contents lower than 1.6, liquid phase sin-
tering can be promoted by the formation of a suitable PbO
liquid phase between ferrite particles. The reasons for decreas-
ing density at higher PbO contents can be described as reduc-
tion in the rate of diffusion mechanisms due to increasing the
liquid layer thickness. In other words, with increasing the li-
quid content, the capillary force between particles decreases
and densiﬁcation during sintering decelerates (Janghorban
and Shokrollahi, 2007). The ﬁgure also shows that the density
exhibits no considerable change with increasing the TiO2 con-
centration. It is due to the fact that this oxide cannot promote
grain growth and pore elimination noticeably.
3.7. Power loss
Variations of power loss (Pcv) with exciting ﬂux density and
additive concentrations at two different frequencies of
500 kHz and 1 MHz are shown in Figs. 6 and 7 respectively.
The power loss is invariably small for all the samples at
500 kHz even up to a ﬂux density of 30 mT, while it increases
rapidly at 1 MHz as the exciting ﬂux density increases. Power
losses increase with the PbO cotent, which could be explained
by the formation of a non magnetic boundary which causes
demagnetization and non homogeneity of the polarization.
However, the power loss remains low even at 1 MHz for the
exciting condition of Bm= 10 mT, as depicted in Fig. 6.
Low magneto-crystalline anisotropy constant K1, because of
Ti4+ dissolving into the spinel lattice decreasing the resistance
of magnetic domain movements, and uniform crystalline
grains promoting movements of domain walls decreases the
magnetic hysteresis loss, so the power loss is decreased. As in
the previous discussion, Ti4+ dissolves into the spinel lattice
and forms stable Fe2+–Ti4+ pairs. As a result, the magneto-
crystalline anisotropy constant K1 is compensated, the mag-
netic permeability is effectively improved, and the hysteresis
loss of the samples decreases as well. Thus, the power loss de-
creases with the TiO2 addition up to 1.2 mol% as shown in
Fig. 6. It is shown that at higher contents of TiO2 the power
loss increases. It may be due to the formation of non magnetic
boundary of additives as indicated previously.
158 O. Mirzaee4. Conclusions
PbO has a noticeable inﬂuence on the microstructural develop-
ment of Ni–Zn ferrites. The grain size after sintering of the
samples added with PbO showed pronounced maxima versus
PbO content that occurs at about 2.4%wt V2O5 (about
17 lm). Addition of TiO2 has no considerable effect on grain
growth. Increasing PbO and TiO2 concentration up to about
2 and 1.6 wt% increases the magnetic permeability by about
28% and 44%, respectively and decreases it at higher contents.
PbO shows no considerable inﬂuence on the Curie temperature
and TiO2 leads to a continuous decreasing of Curie tempera-
ture of the ferrite. PbO increases the resistivity of ferrite to
some extent (about 10% for 3.2% PbO). Ms values decrease
with an increase in additive concentrations due to the non-
magnetic nature of the Ti and Pb ions. Power losses increase
with the PbO content. TiO2 addition up to 1.2 wt% reduces
the power loss and increases it at higher contents.
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